Transcription factor paralogs may share a common role in staged or overlapping expression in specific tissues, as in the Hox family. In other cases, family members have distinct roles in a range of embryologic, differentiation or response pathways (as in the Tbx and Pax families). For the interferon regulatory factor (IRF) family of transcription factors, mice deficient in Irf1, Irf2, Irf3, Irf4, Irf5, Irf7, Irf8 or Irf9 have defects in the immune response but show no embryologic abnormalities [1] [2] [3] [4] [5] [6] [7] . Mice deficient for Irf6 have not been reported, but in humans, mutations in IRF6 cause two mendelian orofacial clefting syndromes [8] [9] [10] , and genetic variation in IRF6 confers risk for isolated cleft lip and palate [11] [12] [13] [14] [15] . Here we report that mice deficient for Irf6 have abnormal skin, limb and craniofacial development. Histological and gene expression analyses indicate that the primary defect is in keratinocyte differentiation and proliferation. This study describes a new role for an IRF family member in epidermal development.
To define the role of Irf6 in vivo, we generated mice deficient for Irf6. We identified an embryonic stem cell line carrying a gene trap allele for Irf6 in the Omnibank database (OST398253) 16 . Sequence analysis showed that the gene trap vector inserted into intron 1 of Irf6, 36 bp from the splice donor site (Fig. 1a) . We detected the Irf6 gene trap allele (Irf6 gt1 ) by PCR (Fig. 1b) and DNA blot analysis (data not shown). We mated mice heterozygous for the gene trap allele (Irf6 gt1/+ ), and 18% (34 of 192) of the embryos showed abnormal external morphology (Fig. 1c,d ). Genotyping demonstrated that all abnormal mice were homozygous for the gene trap allele (Irf6 gt1/gt1 ), and their frequency was not significantly different from mendelian ratios (P ¼ 0.06). Expression analysis showed Irf6 protein in skin and oral epithelium from E17.5 wild-type embryos, as previously shown 17, 18 but reduced expression in skin from heterozygous embryos and no detectable expression in skin from Irf6 gt1/gt1 embryos ( Fig. 1e) , demonstrating that the gene trap is a null allele for Irf6.
Initial analysis did not identify any obvious differences between wild-type and heterozygous E17.5 embryos. However, homozygous Irf6 gt1/gt1 (null) embryos had taut, shiny skin, lacked external ears and had snouts and jaws shorter and more rounded than their wild-type littermates (Fig. 1c,d ). The null embryos also had short forelimbs that lacked visible digits and a single caudal projection that lacked visible hindlimbs and tail. Skeletal preparations showed that all four limbs and a tail had formed in the null embryos (Fig. 2a) . However, the skeletal analysis showed abnormal vertebrae, tail (Fig. 2b) , sternum, xiphoid process (Fig. 2c) , digits ( Fig. 2d) and skull, and there was a cleft of the secondary palate in the null embryos (Fig. 2e) . The skeletal abnormalities are unexpected, as Irf6 expression was not detected in developing bone (data not shown). However, similar skeletal abnormalities were observed in mice deficient for Chuk (also known as Ikka) 19 . Chuk, too, is not expressed in developing bone, and epidermal Chuk expression is sufficient to rescue the skeletal phenotype 20 . As in the case of Chuk-deficient mice, we speculate that the skeletal abnormalities in the Irf6-null mice are secondary to defects in epidermal differentiation (see below).
Histological analysis of skin showed wrinkles in epidermis from embryonic day (E) 17.5 wild-type embryos (Fig. 3a) but not in epidermis from null embryos (Fig. 3b) . In wild-type embryos, the four stratified layers of the epidermis (basal, spinous, granular and cornified) were all present and visible. In the epidermis from null embryos, the basal layer was present along with a greatly expanded spinous layer, but the outer two layers appeared absent. Electron microscopy analysis of wild-type skin confirmed the presence of the electron-dense keratohyalin granules and the cornified outer layer (Fig. 3c) . The epidermis from null embryos lacked these landmarks (Fig. 3d) . The cornified layer serves as a barrier whose function can be measured qualitatively with toluidine blue, a dye that does not penetrate mature skin. We observed that toluidine blue was excluded from the epidermis of E17.5 wild-type embryos but not from the epidermis of null embryos (Fig. 3e,f) .
To determine whether the expanded spinous layer resulted from increased cell proliferation and/or decreased programmed cell death, we performed BrdU and TdT-mediated dUTP nick end labeling (TUNEL) analyses, respectively. The epidermis from E17.5 wild-type embryos incorporated BrdU in the basal layer but not in the suprabasal layers (Fig. 3g) . However, the epidermis obtained from null embryos incorporated BrdU in the basal and spinous layers (Fig. 3h) . We also observed TUNEL staining in the epidermis from wild-type embryos but not from null embryos (Fig. 3i,j) . Thus, proliferation in the spinous layer and a failure of keratinocytes to terminally differentiate contribute to an increase in the thickness of the spinous layer in mice deficient for Irf6.
We performed microarray and immunostaining analyses to characterize the molecular changes in skin from Irf6 null embryos. We observed significant changes in the level of expression (Z1.8-fold with P r 0.05) for 573 genes, including 42 of 80 protein markers for epidermal differentiation ( (Fig. 3k,l) and filaggrin (Fig. 3m,n) , decreased significantly in the granular and cornified layers. In the expanded spinous layer, we observed no change or an increase in gene expression for all markers (n ¼ 25), including keratin 1 (K1) (Fig. 3o,p) . However, Irf6 was greatly decreased owing to the gene trap mutation (Fig. 3q,r) . Notably, we also observed changes in expression for markers of the basal layer ( Table 1) . Keratin 14 (K14) and p63 were expressed ectopically in the spinous layer of the epidermis from null embryos ( Fig. 3s-v) . Thus, mice that are deficient for Irf6 do not silence K14 and p63 in the spinous layer. In total, based on the abnormal epidermal histology, barrier function, cell proliferation, cell death and gene expression, we conclude that Irf6 is necessary for regulating proliferation and terminal differentiation of keratinocytes.
Rac1, a Rho guanosine triphosphatase, is expressed primarily in the basal layer of the epidermis and regulates proliferation and differentiation by maintaining the stem cell compartment 21 . To test for a possible relationship between Irf6 and Rac1, we compared the expression of Rac1 in skin from wild-type and null E17.5 embryos. From the microarray analysis, we did not observe significant quantitative changes in expression of Rac1 (Table 1) . Also, we did not detect qualitative changes in expression of Rac1 using immunostaining (data not shown). These results suggest that Rac1 is epistatic to Irf6 in regulating keratinocyte differentiation or that they operate in independent pathways.
In the Irf6-null embryos, we observed epidermal adhesions at several sites, including the oral cavity (Fig. 4a,b) , between the tail and hindlimbs (Fig. 4c,d ) and in the esophagus (Fig. 4e,f) . In contrast, we observed an oral adhesion in only 2 of 18 heterozygous embryos. The oral adhesions were unilateral and located superficial to the developing first or second molar (Fig. 4g) . A similar phenotype was recently observed 22 in mice heterozygous for the R84C variant in Irf6. The R84C variant is highly associated with popliteal pterygium syndrome 8 . In a paper published in this issue 22 , the authors observed oral adhesions in 89% (25 of 28) of heterozygous embryos, and all adhesions were bilateral. Moreover, they observed epidermal adhesions between the ventral surface of the tongue and the floor of the mouth. The spine showed equal numbers of vertebrae in wild-type and null embryos. However, vertebrae in the mutant appeared smaller and showed delayed ossification. The mutant tail was substantially shorter. (c) There were equal numbers of ribs in the wild-type and null embryos, but the sternum appeared shorter with delayed ossification. The xiphoid process (xp) was bifid in the null embryo, demonstrating a failure of complete fusion of the thoracic cage. (d) The long bones were slightly shorter in null versus wild-type littermates, but both null and wild-type embryos showed normal surrounding muscle when skin was dissected. Proximal bones of the upper and lower limb were present in the null embryos, but distal structures, notably the digits, were severely abnormal. Forepaws were magnified to display synostosis of digits and absence of distal phalanges. (e) Skulls from wild-type and null embryos in lateral (top), superior (bottom left) and inferior (bottom right) views. Mandibles were removed for inferior views. The mandible in the null embryo was smaller with a narrower angle than in the wild-type, and the snout was also shorter in the null embryo. The palate shelves (p) in the wild-type embryo fuse along the midline, but the null embryo has a cleft palate. The palate shelves of null embryo are posteriorly and laterally displaced, allowing for direct viewing of nasal structures, including the vomer (v). The presphenoid (ps) is absent in the mutant. Similar results were obtained from three skeletal preparations.
We did not observe adhesions in this location in embryos heterozygous for the gene trap allele. Both Irf6 mutant strains were on a similar mixed genetic background of C57Bl/6 and 129/SvJ, suggesting that the phenotypic changes were due to allele differences. To further characterize the epidermal adhesions observed in the null embryos, we performed electron microscopy and immunostaining analyses. We detected desmosomes, an important structure in the junctional complex between epithelial cells, in the epidermis of both wild-type and null E17.5 embryos (Fig. 4h,i) . However, desmosomes in the epidermis of wild-type embryos were not observed in the most superficial layer, whereas desmosomes in the epidermis of null embryos were observed throughout the epidermis, including the most superficial regions (Fig. 3c,d ). Microarray analysis (Table 1) showed that the expression of the desmosomal components either increased or did not change significantly. In addition, the subcellular localization of the desmocollin proteins did not seem to differ between wild-type and null epidermis (Fig. 4j,k) . We speculate that the epidermal adhesions observed in the Irf6-null embryos result from the absence of the normal cornified layer. Without the cornified layer, cell interactions, including desmosomes, can occur between cells from adjoining tissues.
The morphological, skeletal and histological abnormalities in Irf6-null embryos are very similar to the phenotypes observed in the repeated epilation (Er) mouse 23 Table 1) . Protein blot analysis confirmed these results (Fig. 5a,b) . Immunostaining showed that Sfn (Fig. 5c,d) and Ikka (Fig. 5e,f) were expressed in the spinous layer of wild-type embryos, with some Ikka expression in the basal layer. No change occurred in the epidermis of the null embryos. To test for a direct protein interaction between Irf6 and Ikka or Sfn, we performed coimmunoprecipitation. Antibodies specific for each of these proteins did not pull down either of the other two proteins, but the antibody for Ikka readily pulled down Ikkb, another member of the Ikk complex (data not shown). We conclude that Irf6 is not necessary for the expression of Chuk and Sfn in epidermis, that Irf6 does not form a detectable complex with Ikka and Sfn in epidermis and that other mechanisms are responsible for the common phenotype observed in mouse strains with mutations in each of these genes. We report here that mice deficient for Irf6 have abnormal skin, limb and craniofacial morphogenesis. The major histological feature of the Irf6-null mice is the lack of a normal stratified epidermis. The null epidermis was thicker than in wild-type mice, and the suprabasal keratinocytes failed to stop proliferating and failed to terminally differentiate. We conclude that a significant role for Irf6 is to regulate proliferation and differentiation of keratinocytes.
In humans, mutations in IRF6 cause two related orofacial clefting disorders, Van der Woude (VWS) and popliteal ptyergium syndromes (PPS) 8 . Both VWS and PPS show an autosomal dominant pattern of inheritance, whereas mice heterozygous for the Irf6 null allele display a low-penetrance oral adhesion phenotype rather than a highly penetrant orofacial cleft phenotype. Although mice homozygous for the null Irf6 allele have a cleft palate, the cleft seems to be caused by a defect in elevation, which could occur as a primary defect or could be secondary to crowding of the craniofacial structures owing to the constrictive action of the skin or oral adhesions. In addition to the oral facial clefts, individuals with PPS may present with a combination of eyelid adhesions (ankyloblepharon), oral adhesions, syndactyly of digits and pterygia 11 . Previously, we proposed that the additional abnormalities seen in individuals with PPS are due to a dominant-negative effect of the R84C variant 8 . The phenotypes of the Irf6 mutant mice described here and in the accompanying report 22 are consistent with this model. First, the skin phenotypes in the mice homozygous for both Irf6 alleles resemble the pterygia seen in individuals with PPS, with the much more severe phenotype in mice representing the null condition. Second, the phenotype observed in mouse embryos heterozygous for the R84C variant has a higher penetrance (89% versus 11%) and is more severe (multiple versus single sites) than the phenotype observed in mouse embryos heterozygous for the null allele. We recognize that this genotype-phenotype relationship for Irf6 mutations is not absolute in either humans or mice. Thus, other factors contribute to the IRF6 spectrum of phenotypes.
The earliest phenotype observed in the skin of Irf6-null mice was ectopic K14 expression in the spinous layer, suggesting a role for Irf6 in repressing K14 transcription. A previous study showed that two other transcription factors expressed in the spinous layer, Skin-1a and Tst-1, contribute to the repression of K14 (ref. 26) . Also, Skin-1a bound directly to CREB-binding protein (CBP), suggesting that repression of the K14 promoter may be due to interference of the CBP/p300 coactivator Epidermal layers in which each gene is expressed in wild-type embryo are basal (B), spinous (S), granular (G) and cornified (C). Expression in a layer may be inducible (i), increase (positive), decrease (negative) or not change significantly (NS). WT, wild-type. interact with CBP and/or p300, it is possible that IRF6 interacts with the CBP/p300 coactivator complex to help repress K14 expression in the spinous layer and to regulate other events in keratinocyte differentiation such as cessation of cell proliferation 30 . These new roles for a member of the IRF family expand the repertoire of IRF functions from stress response into development but suggest a bridge that spans these apparently disparate functions.
METHODS
Generation of mice deficient for Irf6. We obtained the embryonic stem (ES) cell line OST398253 that contains the gene trap allele for Irf6 from Lexicon Genetics. The ES cells were microinjected into C57BL/6 blastocysts, and we obtained five male chimeras that were mated with C57BL/6 mice. Offspring with agouti coat color were genotyped for germline transmission of the gene trap allele. Maintenance and handling of mice were approved by the Animal Care Unit at the University of Iowa.
Genotyping of mutant mice. We used a PCR-based assay to genotype the gene trap cell line and subsequent mutant mice. Genomic DNA was isolated as recommended (Model 850 Alpha, Autogen) from mouse tail clips or embryonic tissues. PCR primers a and b flank the insertion site and detect the wild-type allele by amplifying a 461-bp product. Primer v, derived from the long terminal repeat of the vector, and primer b detect the gene trap allele by amplifying a 283-bp product. Primer sequences are listed in Supplementary Table 2 online.
Protein blot analysis. Protein was purified as recommended (PARIS, Ambion) and quantified with a bicinchoninic acid (BCA) assay (Sigma). Total protein was separated in a 10% denaturing polyacrylamide gel (Invitrogen). We used 10, 20 and 50 mg of protein from skin per lane to detect Irf6, Sfn and Ikka, respectively. Transfer to a nylon membrane was performed as recommended (Invitrogen). We generated rabbit polyclonal antibodies against Irf6 (ref. 17) and purchased antibodies for Sfn and Ikka (Santa Cruz Biotech). The primary antibodies were detected as recommended using the ECL Plus kit (Amersham Biosciences). The blots were stripped and reprobed with a monoclonal antibody to b-actin. Blots were exposed to film for r1 min to detect b-actin, Irf6 and stratifin and were exposed for 15 min to detect Ikka.
Morphological analysis of mice. Null embryos were obtained from Irf6 +/gt1 matings. The presence of a copulation plug was defined as E0.5. Embryos were removed from euthanized mothers, analyzed and genotyped as above. Examination of skeletal morphology was done at E17.5. The skin was removed from wild-type and null embryos; it was then fixed in 40% formaldehyde/glacial acetic acid/70% ethanol mix (1:1:8 ratio), rinsed and then stained with alcian blue 8GX and alizarin red S (Sigma) to stain cartilage and calcified bone, respectively.
Histological analysis of mouse tissue. Embryos were fixed overnight in freshly prepared 4% paraformaldehyde and paraffin processed using standard methods. Sections (5 mm) were deparaffinized and stained with hematoxylin and eosin (SurgiPath) to visualize structures.
In vivo barrier assay. The in vivo epidermal barrier assay was performed on E17.5 embryos using a dye exclusion assay. Embryos were fixed in 100% methanol for 5 min, rinsed briefly with PBS, stained in 0.1% toluidine blue for 1 min and washed several times with PBS. Transmission electron microscopy of mouse skin. Skin from wild-type and null animals was fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer. Samples were washed and postfixed in 1% osmium and then embedded in Epon 12. Thin sections (70 nm) were counterstained with uranyl acetate and lead citrate before visualization.
BrdU assay. Pregnant mothers were injected with BrdU (Sigma) (100 mg per g pregnant dam weight) 2 h before killing. BrdU immunostaining was performed as above with a monoclonal antibody to BrdU (Dako).
TUNEL assay. The TUNEL assay (Trevigen) was performed as recommended. Slides were counterstained with DAPI to identify TUNEL-positive cells.
Microarray analysis. Total RNA was isolated from E17.5 skin. First, we observed that the average mass of skin was significantly higher for null mice (70 mg ± 20 mg (s.d.) for wild-type skin (n ¼ 3) versus 150 mg ± 30 mg (s.d.) for null skin (n ¼ 3); P ¼ 0.02) and was consistent with the histological findings that skin obtained from null mice was thicker than skin obtained from wild-type littermates. Total RNA was isolated as recommended (RNeasy, Qiagen), except that tissue was treated with proteinase K (20 mg/ml) for 20 min at 55 1C. RNA was assessed for quality using the Model 2100 Bioanalyzer (Agilent Technologies). We processed 5 mg of total RNA for use on the microarray by using the Affymetrix GeneChip one-cycle target labeling kit (Affymetrix) according to the manufacturer's recommended protocols. The resultant biotinylated complementary RNA (cRNA) was fragmented and then hybridized to the GeneChip Mouse Genome 430 2.0 Array (Affymetrix). The arrays were washed, stained and scanned using the Affymetrix Model 450 Fluidics Station and Affymetrix Model 3000 Scanner by the University of Iowa DNA Core Facility using the manufacturer's recommended protocols. Expression values were generated using the Microarray Suite (MAS) v5.0 software (Affymetrix). CEL files were read into dChip, normalized and modeled using the perfect match-mismatch difference model. Negative values were truncated to a default value of 10. The 'present' and 'absent' calls used were those from MAS5. Excluding the Affymetrix control probes on the chip, a total of 30,250 probes were 'present' . Statistical analysis. We defined genes that were expressed differentially as those showing at least a 1.8-fold difference between wild-type and mutant arrays. The (e,f) Immunostaining shows that Ikka is expressed predominantly in the basal layer in skin from both the wild-type (e) and Irf6-null (f) embryos. Ikka is localized to the cytoplasm and in the nucleus of some cells. This distribution does not appear to differ in skin from wild-type and Irf6-null embryos.
